Lake Huron Shoreline Analysis by Nandanwar, Shubham Satish
Wilfrid Laurier University 
Scholars Commons @ Laurier 
Theses and Dissertations (Comprehensive) 
2022 
Lake Huron Shoreline Analysis 
Shubham Satish Nandanwar 
Wilfrid Laurier University, nand3000@mylaurier.ca 
Follow this and additional works at: https://scholars.wlu.ca/etd 
 Part of the Applied Statistics Commons, Environmental Monitoring Commons, Fresh Water Studies 
Commons, Geographic Information Sciences Commons, Hydrology Commons, Longitudinal Data Analysis 
and Time Series Commons, Physical and Environmental Geography Commons, Probability Commons, 
Remote Sensing Commons, and the Water Resource Management Commons 
Recommended Citation 
Nandanwar, Shubham Satish, "Lake Huron Shoreline Analysis" (2022). Theses and Dissertations 
(Comprehensive). 2429. 
https://scholars.wlu.ca/etd/2429 
This Thesis is brought to you for free and open access by Scholars Commons @ Laurier. It has been accepted for 
inclusion in Theses and Dissertations (Comprehensive) by an authorized administrator of Scholars Commons @ 
Laurier. For more information, please contact scholarscommons@wlu.ca. 
   
 
LAKE HURON SHORELINE ANALYSIS 
 
By 
Shubham Satish Nandanwar 
MES, Wilfrid Laurier University, 2021 
Major Research Paper 
 
Submitted to the Faculty of Graduate and Postdoctoral Studies 
In partial fulfilment of the requirements for    
Master of Environmental Studies in Geography  
 
Wilfrid Laurier University 
© Shubham Satish Nandanwar, 2021
 
i 




Lake Huron is a popular tourist destination and is home to several businesses and residents. Since 
the shoreline is dynamic and is subject to change over the years due to several factors such as a change 
in water level, soil type, human encroachment, etc., these locations tend to encounter floods due to 
increased water levels and wind speed. This causes erosion and loss to the properties along the shoreline.  
This study is based on two areas of interest named Pinery Provincial Park and Sauble Beach which 
are located on the shoreline of Lake Huron where Pinery Provincial Park is a naturally maintained shoreline 
and Sauble Beach is altered by humans to make it a tourism-oriented beach. The project investigates and 
compares the changes in shorelines between both locations to study the effects of two different shoreline 
maintenance practices. The change is then further studied by adding a dimension of water levels from 
1970 to 2021 and future level changes. A software application named Digital Shoreline Analysis System 
(DSAS) version 5.0 was used within ESRI’s ArcMap 10.8 to perform shoreline change analysis. DSAS 
produces results in the form of the following statistics: shoreline change envelope (SCE), net shoreline 
movement (NSM), endpoint rate (EPR), linear regression rate (LRR), and weighted linear regression (WLR). 
EPR was used to analyze shoreline change rate and NSM was used to map flooding and erosion hazards.  
This project also examines the areas which may flood in the future due to climate change and 
unprecedented water level rise by using the following two approaches: a) Hypothetical situation was 
considered in which there would be ±2m water level change on top of forecasted water levels by US Army 
Corps of Engineers and Fisheries and Oceans Canada and b) Built-in Kalman Filter Model in DSAS was used 
to predict the shoreline for next 10 and 20 years. Based on these approaches, flood and erosion hazard 
maps were created considering variables such as water level, slope, elevation, and bathymetry. After 
analysis, a 3D model was created to showcase the areas which could be impacted based on the first 
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approach in future flooding scenarios. The analysis is accompanied by the study of shoreline management 
strategies commonly used in Canada and based on the results of the analysis, recommendations for future 
management strategies will be made to minimize the impact of the flood. Lastly, the overall results of 
Sauble Beach and Pinery Provincial Park are compared and discussed in section 6.  
The results indicate that the Pinery Provincial Park shoreline has a stable shoreline compared to 
Sauble Beach. Pinery Provincial Park is having about 50% fewer erosion rates and negative shoreline 
movement than Sauble Beach. It cannot be neglected that both study areas are facing increased erosion 
and decreased accretion over the years but the human interference and the Sauble Beach municipality’s 
neglecting towards sustainable tourism practices has resulted in losing its beach at a higher rate. This 
project suggests adapting green shoreline management techniques to both the study area. These results 
may be useful for the authorities, local government agencies, and NGOs that are tasked with developing 
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1 Introduction 
The Great Lakes-St. Lawrence basin includes the basins of the Great Lakes, St. Lawrence River, and 
Ottawa River. Flow through the basin begins at Lake Superior, where outflow via the St. Mary’s River into 
Lake Huron is controlled by dams and locks. Lake Michigan also flows into Lake Huron uncontrolled 
through the Straits of Mackinac. Water from Lake Huron then flows uncontrolled into Lake Erie via the St. 
Clair River, Lake St. Clair, and the Detroit River (ILOSLRB, 2020).  
This research is focused on the shoreline of Lake Huron. Lake Huron has shores that are tourist 
attractions and there are several towns and municipalities which are located along the shore. Properties 
in those towns and municipalities which are located along the shore could be at risk of flooding if the 
water level increases and the properties in close vicinity of bluffs and beaches are prone to both horizontal 
recession of land and vertical erosion which could cause damage to their properties. Shoreline change 
depends on several variables such as type of soil, water levels, wave height and impact, the bathymetry 
of the lake, shoreline, nearshore geology and others. Historical records show that some portion of the 
Lake Huron shoreline is more prone to erosion compared to other parts (Coastal Erosion: People Living on 
the Edge, n.d.) Due to lack of information about the stability of Lake Huron’s shoreline and the erosion 
rate and influence radius, people have built their properties along the shore (Coastal Erosion: People 
Living on the Edge, n.d.).  
1.1 Project Details 
1.1.1 Project problem/opportunity: 
This project investigates shoreline change based on historical aerial images and aims to map flood 
and erosion hazard-prone areas based on water level change. Flood hazard modeling can be improved in 
terms of accuracy in data sets of precipitation, digital elevation models (DEM), and implementation of 
local features for flood propagation (Schumann et al. 2018).  
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This project may be useful for the authorities, local government agencies, and NGOs that are 
tasked with developing and implementing shoreline management plans. It can also be useful to the 
existing shore property owners and property seekers who are planning to buy shore properties.  
1.1.2 Project goal: 
To study the change in shoreline and map flood and erosion hazards due to increased water levels 
in the future.  
1.2 Study area: 
The study area comprises two different areas of interest namely Pinery Provincial Park and Sauble 
Beach which is located on the shoreline of Lake Huron. These two areas are approximately 170 km apart 
and are differently managed shorelines. The two study areas Sauble Beach and Pinery Provincial Park 
shoreline is tourism-driven human maintained and naturally maintained respectively (Figure 1).  
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Figure 1: Study area at Lake Huron Shoreline (Figure 1.a: Shoreline of Sauble Beach and Figure 1.b: Pinery Provincial Park)
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1.3 Project Objectives: 
The objectives of this project are as follows: 
• Study shoreline change at Pinery Provincial Park and Sauble Beach and compare the results of 
both sites 
• Compare the water level change from 1960 to 2022 and its impacts on the study area 
• Create flood and erosion hazard maps 
• Compare the shoreline management strategies and recommend strategies for future 
management based on the findings  
2 Background 
2.1 Overview 
This chapter builds the foundation of the project and talks about the concepts used in this 
research. It is further divided into four subsections: a) fundamentals of the coast, b) erosion, c) shoreline 
change, and d) Hazard mapping. 
2.2 Fundamentals of Coast 
To understand shoreline or coastal erosion, firstly we need to understand a few concepts. The 
coastal zone is the area that extends from the part of the land which is influenced by waves or tides and 
ends in the waterbody to the point waves no longer influence sediment movement on the bottom 
(Davidson-Arnott & Ollerhead, 1995). This is the area where land-atmosphere and water processes meet 
and supports diverse flora and fauna. Waves are generated when wind flows over the surface of the 
waterbody and the wave intensity is directly proportional to the wind speed. The waves interact with land 
and can cause sediment movement through erosion, transport, and deposition. The shoreline location 
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depends on the water level. The higher the water level, the more land it covers. The waves or tidal currents 
carry the sediment from the upper layer of the shore which is also referred to as the dynamic layer. The 
mobile sandy sediment layer on top of cohesive deposits is referred to as the dynamic layer which is 
formed by nearshore hydrodynamic impacts and is mostly found on cliff shores (Ostrowski & Pruszak, 
2011). The waves carry the particles from the dynamic layer in the water, some particles are suspended, 
and some sink to the bed of the waterbody depending upon the size and density of the particles 
(Davidson-Arnott R. , 2016). The suspended particles travel with waves and get deposited to nearshore or 
backshore which creates beaches at the shoreline (Davidson-Arnott R. , 2016). Figure 2 below shows the 
sections of the shoreline.  
 
Figure 2: Shoreline diagram (Davidson-Arnott R. , 2016) 
2.2.1 Lake Huron Profile and Wave Action 
The northern side of the shoreline (i.e. north of Grand Bend beach to Goderich) has a north to 
south orientation, consisting of cohesive till bluff that can range up to a height of 6m to 18m 
approximately with gullies between them developed as a result of surface runoff and the bluff is bordered 
by a narrow beach of mixed sand and gravel giving it an erosive property, thus supplying sediments to the 
southern side (i.e. south of Grand Bend beach to Kettle point) which has a shoreline orientation of 
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northeast to southwest and consists of sandy beaches and dune system in a depositional system (ABCA 
and Baird & Associates, 2019). Depending on the water levels, the width of the northside beach bordering 
the bluff can range from 5-15m and the bluff consists of Quaternary and Holocene sediments which 
include glacial till with a high concentration of clay and silt of less than 1 m height over till (Lawrence & 
Davidson-Arnott, 1997). The change in shoreline characteristics when moving south from Grand Bend 
beach has developed a historical sediment deposition zone along Grand Bend/Pinery/Ipperwash shoreline 
which is offset due to the offshore losses and aeolian losses from the beach to dunes (ABCA and Baird & 
Associates, 2019).   
Lawrence and David-Arnott (1997) researched the wave energy and sediment transportation in 
Lake Huron using the WAVENRG model to study wave refraction patterns, wave energy distribution, and 
sediment transportation in the southeastern part of the lake. Their findings indicate that north and 
northwest waves are higher in frequency and dominate in sediment transportation. The effect of this 
wave impact is discussed in section 2.3.1 below.  
2.3 Erosion 
Erosion is a naturally occurring phenomenon that changes the shape of backshore, nearshore, 
lakebed, and sometimes onshore-offshore as well, as the waves carry away or deposit the materials from 
lakebed and shore and transport it to other locations.  
The Great Lakes shorelines consist of two types of bedrock: hard bedrock and soft bedrock or 
cohesive sediments and experience different rates of erosion (Sunamura, 1992), the hard bedrock and 
cohesive shore erode at different rates because of their composition. The hard bedrock, composing the 
most northern shorelines of Lake Huron, is made of crystalline rock which makes it difficult to erode 
whereas, the shore that is made of sedimentary rock such as sandstone and shale which makes it easy to 
erode (Sunamura, 1992). The action of waves impacts the toe of the shoreline slope. Due to the cohesive 
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shore's profile, the shoreline toe experiences vertical erosion and horizontal recession (as shown in Figure 
3 below) resulting in it becoming a cliff or bluff. Fourty percent of the lower Great Lakes shoreline in 
Canada i.e., Lake Huron and Michigan composed of cohesive coasts (Boyd, 1981). Due to its soft or 
cohesive nature, the average rate of 0.5 to 1.0 m/year and could exceed 1.5m (Boyd, 1981).  
 
Figure 3: Shoreline recessions (Davidson-Arnott & Ollerhead, 1995) 
Much of the shoreline of the southern Great Lakes consists of bluffs of till which makes bluff 
instability a major contributor to erosion (Edil T. , 2013). The properties of the bluff i.e., material strength, 
cohesion, internal friction, slope geometry, its position with respect to the geological timeframe, and 
water level influence the bluff stability (Edil & Vallejo, 1980). Natural factors contributing to bluff 
instability are precipitation, freeze/thaw action, vegetation cover, seepage effect, soil type, wave action, 
and sheet wash (Mickelson, Edil, & Guy, 2004). The pattern and rate of the effect of these factors vary 
with time because of the continuously changing nature of bluff geometry.  
Coastal bluff erosion is of two categories: subaerial and subaqueous (Hampton, et al., 2004). 
Figure 4 illustrates a typical process in Great Lakes bluffs. Whereas Figure 5 demonstrates the phases in 
which these processes act causing bluff instability and finally recession. In Figure 5, (1) shows unstable 
bluff, (2) indicates large, deep-seated slumps which occur at higher rates causing bluff recession and the 
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material gets deposited at the base, (3) indicates toe erosion, (4) indicates steepening of bluff due to wave 
erosion at the toe, (5) shows the shape of the bluff when erosion is continuous and (6) represents the 
final part which cuts off due to these continuous actions that take place in the different time frames 
(Mickelson et al. 2004). 
 
Figure 4: Great Lakes bluff (Edil T. , 2013) 
 
Figure 5: Phases of bluff recession (Mickelson, Edil, 
& Guy, 2004) 
2.3.1 Erosion in Lake Huron 
Lake Huron’s southern part consists of chain of moraines that run parallel to present day’s 
lakeshore (Desloges, Phillips, Byrne, & Cockburn, 2020). Lake Huron's coastal zone cohesive bluffs range 
from 26m to 37m (Cooper, 1979) and experience vertical erosion (Lawrence & Davidson-Arnott, 1997) 
with north to southward transportation of sediments (Lawrence P. , 1991) but reversals might occur in 
transportation direction due to individual storms (ABCA and Baird & Associates, 2019). Davidson-Arnott 
and Ollerhead (1995) documented erosion processes along the Lake Ontario shoreline between Jordan 
and Port Dalhousie examining vertical erosion based on elevation and the nature of the till surface along 
the shoreline. They found that vertical erosion had a strong influence because the erosion was happening 
on ice-free days regardless of the intensity of the storm from moderate to high (Davidson-Arnott & 
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Ollerhead, 1995). This research highlighted that the factors affecting the rate of vertical erosion were the 
intensity and duration of waves, the soft or cohesive nature of nearshore till, the surface and thickness of 
the dynamic layer. The till surface location with the thickness of surficial or dynamic layer greater than 
the reactivation of wave action were less prone to erosion (Davidson-Arnott & Ollerhead, 1995). 
The bedrock of the eastern shoreline of Lake Huron is covered by Rannoch till which in some 
places is further covered by St. Joseph till (ABCA and Baird & Associates, 2019). The high gravel content in 
Rannoch till helps in dissipating the wave energy, preventing it from erosion whereas, the St. Joseph till is 
comprised of a low proportion of gravel making the few spots of Lake Huron shoreline prone to erosion 
(ABCA and Baird & Associates, 2019). 
In Lake Huron, high-water levels cause bluff erosion while the nearshore erosion is continued at 
all water levels, but the intensity varies with changing water levels (ABCA and Baird & Associates, 2019). 
The continuous wave action undercutting the toe of the bluff and simultaneous nearshore lakebed erosion 
destabilizes the bluff, resulting in bluff erosion which contributes to continuous downward erosion of the 
nearshore lakebed (ABCA and Baird & Associates, 2019). The coastal zone has a high proportion of pebbles 
or cobbles in the nearshore along the shoreline forming headland features at Point Clark, Martin’s Point, 
and Wright’s Point (Boyd G. , 1993). Lawrence and Davidson-Arnott (1997) observed that toe erosion 
increased due to an increase in wave energy at several sites have a steep nearshore profile. The action of 
south and southwest waves increases wave energy from South of Point Clark creating erosion of limited 
sediment supply at Horizon View, the waves beyond Wright’s Point deposit sediments toward the 
Maitland River and the pocket beaches reflect periodic reversals of sediment transport (Lawrence & 
Davidson-Arnott, 1997). Some sediments are transported to north beaches which makes them wider and 
is a hub of cottages around Point Clark (Lawrence & Davidson-Arnott, 1997).  When moving south from 
Grand Bend beach, the shoreline orientation changes resulting in decreased sediment transportation and 
lowering erosion rates (ABCA and Baird & Associates, 2019). This allows Pinery Provincial Park to get a 
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continuous supply of sediments but that is not the case with Sauble Beach. Sediments that make up Sauble 
Beach are essentially relict, having been deposited at the end of the last glacial period by Saugeen River 
(Desloges, Phillips, Byrne, & Cockburn, 2020).  The beach lies between two headlands and is part of a small 
littoral cell with little movement of sediment into or out of that cell. Sauble Beach does not have 
sediments coming from some other parts of Lake Huron, it has its sediment circulation. The waves take 
sediments to the lake and back to land. This circulation takes place over several years on time-span but 
the waves do not return all of the sediment which it took away.   
2.4 Shoreline Change 
Great Lakes water levels have been formally recorded since 1860 (Tushingham, 1992). The 
variation in water levels results from several forces including seasonal effects, storms, climate change, 
and crustal motions (Bishop, 1990). The Great Lakes experience high fluctuations in water level with a 
record of about 2m fluctuation level in a 15-20 year period along with seasonal fluctuations which coupled 
with storms and shoreline nature causes shoreline recession and economic loss (Edil T. , 2013). Lawrence 
& Davidson-Arnott, (1997) observed that the water level short-term recession rate exceeded 5 m/year 
overall when lake levels were above average for a longer period (Lawrence & Davidson-Arnott, 1997). 
The highest water level months vary from lake to lake. Lake Huron experiences high water levels 
in July and low water levels in February (Wilcox et al. 2007). Meadows et al., (1997) indicated that there 
is a strong correlation between high wave energy and high-water levels. 
Isostatic adjustments in the Great Lakes which have occurred after deglaciation (Lawrence & 
Davidson-Arnott, 1997) also affect water levels. Lake Huron experiences a shoreline uplift rate of about 
0.05m/century (Tushingham, 1992) which is very small in comparison to 0.5 to 1.0 m/year recession rate 
but may reduce the shoreline erosion or change with time if the uplift energy increases (Lawrence & 
Davidson-Arnott, 1997). In the Great Lakes, sediment transport was found to be higher than the actual 
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sediment supply which indicates that there is a major removal of sediment entering the littoral system 
which indicates a sediment-deprived littoral system making it susceptible to erosion (Lawrence & 
Davidson-Arnott, 1997).  
Erosion, water level fluctuations, and change in shoreline can cause damage to the area landward 
of the shoreline. There could be a risk of landslide due to an increase in water levels causing erosion and 
ultimately resulting in unstable bluffs. Such damage and associated costs can be predicted and reduced 
by understanding the potential intensity and extent of the damage. Mapping the extent of hazards such 
as floods could be a useful tool for municipal planning and shoreline management.  
2.5 Hazard Mapping 
The area near the shoreline can be prone to flooding, erosion, and dynamic-beach hazards 
(Ministry of Municipal Affairs and Housing, 2020). To avoid the chances of facing calamity, it is 
recommended to follow provincial developmental policy. The provincial policy statement, 2020 issued 
under section 3 of the Planning Act states that development shall be moved away from the natural or 
human-made hazards-prone areas to safer distances in order to avoid exaggeration of existing risk 
(Ministry of Municipal Affairs and Housing, 2020). Key takeaways of guidelines outlined for the 
development in the areas prone to natural hazards in Ontario is as follows: 
1. The development shall be planned according to the provincial guidelines and be directed from the 
area which can be impacted by flooding, erosion, and dynamic-beach hazards to the area outside 
hazardous land adjacent to shoreline, river, stream, and inland lake systems (Ministry of Municipal 
Affairs and Housing, 2020). 
2. Institutional, essential emergency service, manufacturing, disposal, and treatment developments 
shall not be permitted in hazardous lands/sites (Ministry of Municipal Affairs and Housing, 2020).   
12 
    
 
3. The development and site alteration shall be permitted in a hazardous area with minor risk to 
public safety and in an area with chances of mitigating it by carrying out development with 
floodproofing standards, protection work standards, and access standards assuring that existing 
hazards are not elevated, and new hazards are not generated due to it (Ministry of Municipal 
Affairs and Housing, 2020). 
Flood hazard mapping can provide a visual representation of the associated risk. The next section 
i.e., 2.5.1, elaborates on flood hazard mapping and ways it can be created.  
2.5.1 Flood hazard mapping 
Climate change impacts hydrologic processes at a global as well as regional scale (Toosi et al. 
2020). Flooding is a commonly occurring natural hazard and Lake Huron has had high water levels recently 
with 177.4 meters throughout August 2020 (Martin, 2020). Water level change is primarily due to 
upstream inflow, streamflow, evaporation, and precipitation and also due to downstream outflow and 
lake diversions in Great Lakes (Wilcox et al. 2007). High-intensity rainfall increases water levels causing 
flood damage (Toosi et al. 2020). The other factor causing floods in Great Lakes is wet winters caused by 
La Nina conditions and wet springs caused by the westward shift of the North Atlantic Subtropical High 
(Carter & Steinschneider, 2018).  
Flood loss can be reduced or prevented by providing information for municipal planning, 
emergency plans, flood insurance rates, and ecological study through flood inundation maps (Viola et al. 
2016). A combination of geographic information systems and hydraulic modeling can be used to estimate 
flood profiles (Viola et al. 2016). Flood hazard mapping can help in visualizing and analyzing the intensity 
and extent of impact at different water and wind speed levels. Flood hazard mapping can be done by 
considering different factors such as bathymetry, runoff coefficient, soil erosion, land use, slope, rainfall 
intensity, drainage network, and elevation (Toosi et al. 2020).  
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Viola et al. (2016) demonstrated different methods of flood hazard mapping using ArcGIS, HEC-
RAS. One of the most common methods is preparing DEM then using HEC-RAS to create a simulation of 
floodwater flow at different periods, creating water surface and flood depth profile, and finally producing 
maps (Viola et al. 2016). One of the important factors to consider is flood frequency (Sanyal & Lu, 2006). 
Sanyal and Lu (2006) completed similar research on Gangetic West Bengal, India to map flood hazard 
areas. They included population, road density, and water accessibility as a variable and used weighting 
schemes for hazard index for those variables and then used knowledge-based weighting schemes for 
indicators representing a high level of dispersion, distinguishing a variable between hazardous and non-
hazardous zones, then used progressive weighting for ‘flood-prone variable (Sanyal & Lu, 2006). Similar 
to the weighted analysis performed by Sanyal and Lu (2006), a weighted analysis will/can be performed 
to analyze the shoreline change but using different variables such as bathymetry, geology, water level, 
wave height, wave period, and bluff/nearshore height. To analyze the flood impact, the development 
along the shoreline and the extent of water level inland can be included as a variable but the population 
can be of minimum weightage as the data of exact population associated with the hazard-prone 
properties is difficult to obtain.  
2.6 Shoreline Management 
Shoreline erosion can damage the ecological, esthetical, and commercial value of the site and the 
properties established nearby. This raises the need for shoreline management. There are two major types 
of management practices to adapt: softer techniques and harder techniques (Wldrig, 2019) as shown in 
Figure 6 below.  The soft technique is also known as the green technique as it involves sustainable 
practices whereas, the hard technique is also known as the gray technique which uses big armor stones 
and concrete walls. The green technique is suitable for low impact areas with lower erosion rates whereas, 
the gray technique is suited for open areas with have steep slopes and experience high impact wave 
currents (Wldrig, 2019). 
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Figure 6: Shoreline management techniques (Wldrig, 2019) 
2.6.1 Green Techniques  
2.6.1.1 Coastal Drainage Improvement 
The coastal bluff stability is dependent on: a) surface water action over the bluff, b) angle of slope, 
c) wave action, d) material of bluff, e) human disturbance (Wldrig, 2019). Runoff can accelerate erosion. 
The harder surface promotes runoff whereas vegetation can slow down the process (Wldrig, 2019). In 
case of a lack of vegetation, erosion can be decreased by collecting and redirecting the runoff (Wldrig, 
2019).  
To steady the runoff rate, human-made retention ponds can be used to capture the precipitation 
and this pond can act as a water source for surrounding flora and fauna. An engineering-based approach 
to improve drainage and divert runoff could be to use corrugated plastic tubing (Wldrig, 2019). The tube 
is assembled in a cavity dug parallel to the top of the bluff and is covered with thin geotextile fabric to 
prevent clogging in the tube pores (Wldrig, 2019). Although, there are key factors to be considered before 
assembling the tubing such as depth of the trench, angle of assembly, and risk of tube pores getting 
clogged by the fine sediment particles (Wldrig, 2019).   
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2.6.1.2 Coastal bluff reshaping 
Steeper angle, lack of vegetation, and intense waves make soil particles unstable and elevate 
coastal bluff erosion (Wldrig, 2019). In such cases, coastal reshaping can stabilize the bluff. The bluffs can 
be stabilized by removing the slope and giving it a flat angle and adding vegetation to grip the soil to that 
place (Wldrig, 2019). This practice cannot prevent erosion at the toe but will prevent erosion from the 
nearshore as the flatter bluff will restrict the movement of clay or silts from onshore and backshore to 
nearshore and this will help the ecosystem restoration process (Wldrig, 2019).  
2.6.1.3 Coastal sand dune restoration and fencing 
Onshore wind deposits sand and form dunes which act as a natural barrier against waves impact 
(Wldrig, 2019), and planting native vegetation on the dunes act as fencing and holds soil together as 
shown in Figure 7 below. The fencing of thin wooden slats held together by twisted wire allows the entry 
of sand and lowers the wind speed contributing towards dune growth (Wldrig, 2019). Reducing human 
disturbance can improve dune's growth and naturally maintained shore will add aesthetic value.  
 
Figure 7: Coastal dunes restoration (Wldrig, 2019) 
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2.6.1.4 Property relocation 
Increased water levels can cause flooding and erosion hazards. This can directly impact the 
properties along the shore. Relocating from the vicinity of the shore to a safer distance can help in avoiding 
possible damage (Wldrig, 2019). This is a costly approach but is recommended in case of frequent flooding. 
Environmental consultancies or engineering firms can be consulted to determine a safer distance of 
relocation. Relocation will not reduce erosion but can lower the potential damage of coastal hazards. 
Chances are that the reduced human interference will allow the shore to respond naturally and may 
improve resilience against variation in water level and periodic erosion. 
2.6.1.5 Nature-based management 
This management practice uses the concept of hybrid or living shoreline traces of local flora, sand, 
wood logs integrated with strengthening structures to provide stability (Wldrig, 2019). Combining hybrid 
shoreline practice with engineering techniques such as coir logs and sills can improve strength to tackle 
strong wave currents and high water levels. Coir logs are made of tightly woven coconut coir twine in a 
cylindrical shape that is used to shield the toe and stabilize the shoreline (Wldrig, 2019). Sills are made of 
rocks and are assembled offshore parallel to the shoreline to lower the wave impact before it reaches the 
beach (Wldrig, 2019). These structures are suitable for low energy waves thereby, it is recommended to 
consider future water levels, wave intensity, and displacement due to snow before adapting this practice.  
2.6.1.6 Engineered beaches 
In this practice, materials matching the natural composition of the beach such as sand of identical 
grain size, local fauna, etc. A hybrid technique that uses both green and gray approaches is adapted by 
BishopWater with help of TenCate Geotube. The next section elaborates on this technique along with a 
case study. 
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2.6.1.6.1 Emerging technologies: 
TenCate Geotube Shoreline System is introduced by a company called BishopWater and creates 
both permanent and temporary structures to protect shoreline (TUBMAN Marketing Inc. & Bishop Water 
Technologies, n.d.). The tube is a geotextile dewatering solution made from dual polypropylene fabric 
filaments and is filled with dewatered sludge (TUBMAN Marketing Inc. & Bishop Water Technologies, 
n.d.). The tubes are assembled along the shore to increase their height or along the waterline and are 
then covered with rocks as shown in Figure 8 below. It is a sustainable practice as it uses dewatered sludge 
to fill the tube and the rock cover provides an aesthetic appeal to the shore.  
 
Figure 8: Assembling Geotube (TUBMAN Marketing Inc., n.d.) 
Case Study: Typical stone barriers used by property owners takes damage when the ice expands 
and create cracks, dislocation of structure that causes erosion and allows water to seep in. In this case 
study, a combination of armor stone & geotube was used at a property of Round Lake, Ontario which was 
facing similar issues as shown in Figure 9 below.   
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Figure 9: Geotube at Round Lake, Ontario (TUBMAN Marketing Inc., n.d.) 
Bishop Water Technologies and TenCate rebuilt that shoreline with a 100-foot tube filled with 100 
cubic yards of sand, covered with a geo-synthetic sheet, and used the small anchor tubes to fix the position 
of the apron (Bishop Water, 2020). Figure 10 below shows the property’s picture 10 years after geotube 
was installed indicating that the geotube project was successful in protecting the shoreline. 
 
Figure 10: Geotube result after 1 year (Bishop Water, 2020) 
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2.6.2 Gray Techniques  
This practice is suitable for the shoreline which experiences high water level change, precipitation 
levels, strong waves, and have no further scope of adapting green techniques. A few commonly used gray 
techniques are listed below: 
2.6.2.1 Revetments 
It is a structure composed of stones assembled at and parallel to the toe of the bluff and can tackle 
against moderate to intense wave energy (Wldrig, 2019). The angular rock at the front facing the lake 
takes a hit from the wave and the armor stone behind it sitting on a geotextile fabric provides support to 
handle wave impact (Wldrig, 2019).   
2.6.2.2 Seawalls 
The seawall is a solid structure that separates land and water making the shoreline resilient from 
the impact of waves and flood damage (Wldrig, 2019) as shown in Figure 6 above. These structures are 
nearly parallel to the shore and help in reflecting the waves (Wldrig, 2019). Seawalls are divided into two 
categories based on the material it is made of: 
• Cast-in-place or Pre-cast: Seawall in this category is made of concrete and is anchored to the 
base (Wldrig, 2019). The weight of the wall and anchor grip directly affects its stability and 
defense capacity. It can be constructed in different shapes such as steps and curves (Wldrig, 
2019) 
• Other material: The second category of the seawall is built with a combination of sheet steel 
pile and timber (Wldrig, 2019).  
In both categories, their resistance power depends on the material of which it is made. The 
downside of the seawall is that it would need regular maintenance as the face of a wall made of steel and 
concrete is prone to flaking and the other downside is that it does not facilitate the natural sediment 
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transportation cycle (Wldrig, 2019). If the seawall is constructed at the shore which acts as a sediments 
source then the shoreline getting sediment supply by longshore drift cycle will be affected because of 
restricted sediment transportation. It is also important to consider shoreline change at adjacent 
properties because if they do not have any protection structures, the seawall may become unstable due 
to erosion at the adjacent shoreline (Wldrig, 2019).  
2.6.2.3 Bulkheads 
The bulkhead is also known as retaining walls and is constructed parallel to the shore along the 
bank or beach (Wldrig, 2019). Retaining walls protect the shoreline by absorbing the wave energy but do 
not promise stability of bluff (Wilcox, Thompson, Booth, & Nicholas, 2007). The bluff can be stabilized by 
flattening the bluff angle and using the removed soil to fill the gap between the bluff and the retaining 
wall. The key purpose of this structure is to hold the land and can be constructed in small size at regular 
intervals along the shore (Wldrig, 2019) as shown in Figure 11 below.   
 
Figure 11: Concrete bulkhead at Westcott Beach State Park (Wldrig, 2019) 
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Bulkheads are divided into four categories based on the material it is made of: 
• Sheet Pile: They are constructed by using sheets of aluminum, steel, concrete, or timber 
and are held together by interlocking them vertically into the ground (Wldrig, 2019).   
• Cast-in-Place Concrete: These are made of concrete and assembled like seawalls but are 
smaller in size. The cast-in-place concrete is made by pouring standard concrete into a customized 
location-specific frame (Wldrig, 2019). 
• Pre-cast Concrete: These are pre-made concrete structures and are assembled on-site by 
bolting the pieces together, anchoring into the ground, and filling gaps with native soil (Wldrig, 2019). 
These structures can tackle low-energy waves.  
• Treated Timber: As the name indicates, these are made of wooden piles placed vertically 
into the ground and the treated planks are bolted to the landside of the pile and further anchored for 
stability (Wldrig, 2019). 
This structure has similar drawbacks as seawalls and is capable of disturbing eco passages and 
damaging the natural beach ecosystem (Wldrig, 2019).   
2.6.2.4 Breakwaters  
Breakwaters are constructed at the nearshore with a site-specific angle to the shore and have the 
following built forms: lake bottom-up, floating or bottom anchored (Wldrig, 2019). They deflect the wave 
energy making the land side area calmer and allowing the sediments to transport and settle on shore 
(Wldrig, 2019). Unlike other gray technologies, this practice supports sediment transportation and allows 
the beach to grow naturally but is an expensive practice to adapt. It is of two types: 
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• Concrete Caisson: The prefabricated concrete boxes are placed into the nearshore and 
allowed to settle down on the stone or concrete foundation (Wldrig, 2019). The whole 
structure is enclosed into concrete to protect the filling from being washed out (Wldrig, 2019).  
• Rubble Mound: These are made of stone and pre-cast concrete units and unlike concrete 
caissons, these are capped with armor stone instead of concrete (Wldrig, 2019).  
3 Methodology 
This chapter contains a detailed approach and techniques used for the research. It is divided into 
the following subsections: a) Approach, b) Project resources, c) Work breakdown structure, and d) 
Method. The details of each subsection are listed below: 
• The approach subsection is further divided into two subsections: a) project phases and b) project 
timeline. These subsections describe different phases of the project, tasks performed to complete 
those phases, and timings of their completion.   
• The project resources subsection lists the data used and its source along with the software and 
programming language used.  
• The work breakdown structure provides a visual representation of the list of project phases, 
milestones, and tasks performed to achieve those milestones. This section also helps in keeping 
track of progress with the help of the Gantt Chart which will be provided in the appendix.  
• The method section provides detailed information on the analysis performed.  
3.1 Approach 
The project is broken down into phases which are further divided into milestones and the 
milestones are again divided into small tasks (as shown in Table 1 below). The milestones are assigned 
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with an approximate date of completion (as shown in Table 2 below). The detailed approach is explained 
in the section Project Phases and Project Timeline below. 
3.1.1 Project Phases 
The project is divided into five phases i.e., project management, data acquisition, data processing, 
data analysis, and presenting results that are assigned with milestones further broken down into small 
tasks as shown in Table 1 below. 
Table 1: Project tasks and milestones 
Phases Tasks Milestones 
Project 
Management 
Writing a project proposal 
Project proposal Identifying study area, research problem, and 
associated risks  
Data Acquisition 
• Literature review 
• Shore mapping methodologies 
• Historical water level variation in Great Lakes 




Obtain the historical aerial imagery (i.e., from 1960 to the 
latest data available) 
Acquiring 
imagery 
Plan winter RPAS flight; Apply for Nav Canada RPAS 
flight authorization and then execute the flight (if possible) 
RPAS survey 
Data processing 
Geo-reference the historical aerial imageries  Image 
processing Define and digitize the shoreline and objects in AOI 
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Data Analysis 
Compare water levels 
Water level 
analysis 
Determine the geostatistical relationship between shoreline 






Analyze the impacts and create a flood/erosion/dynamic beach 
hazard map 
 Create a 3D model of flooding in the study area 
Present Results 
Produce maps to identify the change in shoreline Producing maps 
Draft the final report 
Report writing 
Finalize the report and presentation 
 
3.2 Project Timeline 
The project was initially divided between the three semesters (i.e., Fall, Winter, and Spring) but 
because of COVID-19 restrictions, it was extended to the Fall 2021 semester. The fall semester constituted 
of creating the project proposal and building a literature review. The winter and spring semester was 
spent on adding more literature, gathering the data, formatting it, and making it ready to be processed. 
RPAS survey was conducted in the Spring term to get the latest aerial imagery of both study areas. The 
Fall 2021 semester was focused on performing analysis and making reports and creating final maps. The 
estimated date of milestone completion and the actual date of completion can be seen in Table 2 below. 
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Table 2: Project timeline 
Phases Milestones 
Estimated Date of Milestone 
Completion 





January 30, 2021 June 30, 2021 
Data Acquisition 
Literature Review February 15, 2021 June 15, 2021 
Acquiring Imagery February 15, 2021 October 30, 2021 
RPAS Survey TBD by February 15, 2021 September 30, 2021 




April 20, 2021 September 30, 2021 
Shoreline Change 
Statistical Analysis 
May 10, 2021 November 1, 2021 
 3D Model May 30, 2021 October 20, 2021 
Present Results 
Producing Maps June 30, 2021 November 5, 2021 
Report Writing July 15, 2021 November 5, 2021 
 
3.3 Project Resources 
3.3.1 Data Acquisition 
The data required for this project was obtained from an online platform and by performing RPAS 
surveys. The data used in this project are listed in Table 3 below along with their respective sources and 
mode of acquiring the data. Due to the lack of historical imageries at online platforms, Grey Sauble 
Conservation Authority and Pinery Provincial Park were contacted to get the aerial imageries from the 
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1970s to the 1990s. To obtain recent imageries of the study area, a RPAS survey was conducted but only 
40% of the study area was covered due to weather conditions. 
Table 3: Data needed for the project and their potential sources 
Data Source Mode Status 
Water Level Government of Canada’s Fisheries 
and Oceans Canada website 
Online Obtained 
Aerial Imagery Scholars GeoPortal website and 
Ontario Geohub website 
Online Obtained 
Bathymetry and DEM Scholars GeoPortal website Online Obtained 
Current Aerial Imagery RPAS Survey Individual-level Obtained 
 
3.4 Work Breakdown Structure (WBS) 
The work breakdown structure (as shown in Figure 12 below) was created to keep a check on 
milestones and maintain the workflow. The five milestones were further divided into several tasks. The 
division of tasks and milestones is described in Table 1.  
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Figure 12: Work breakdown structure 
3.5 Research Method /Analysis Procedure   
3.5.1 Overview and Pre-processing 
This section provides a detailed explanation of the procedure followed in this project. The analysis 
was divided into four tasks: a) defining and digitizing shoreline, b) calculating shoreline change using DSAS, 
c) calculating water level change based on two approaches, and d) creating a 3D model for flood and 
erosion hazard mapping visualization.  
Pre-processing involved creating geodatabases, shapefiles for different tasks and managing their 
attribute table, and performing quality checks on the acquired data. Firstly, the historical aerial imageries 
were geo-referenced, mosaiced, and clipped according to the defined study area. These geo-referenced 
imageries were then used to digitize shoreline and 2015 imagery of Sauble Beach and Pinery Provincial 
Park were used to digitize the objects in the imagery such as property footprint, cars, and different types 
of vegetation which were used in the 3D model. Details of identifying shoreline and digitizing are explained 
in section 3.5.2. The digitized shorelines were further used in DSAS (Digital Shoreline Analysis System) 
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software application that works within ESRI’s ArcMap software to calculate the statistics related to 
shoreline change. The detailed procedure of DSAS is explained in section 3.5.3. Due to data availability 
constraints, the shoreline was analyzed for two-time intervals: 1970 to 2015 and 1970 to 2021 for both 
locations. The water level data from 1960 to 2022 was obtained from the Government of Canada’s 
Fisheries and Oceans Canada website and was used to determine water levels for future scenarios and 
map flooding and erosion hazards. The two approaches used to get future shorelines are explained in 
section 3.5.4. Lastly, the results of future water levels were used in the 3D model to map the flood and 
erosion hazard-prone areas.   
3.5.2 Defining shoreline 
Ideally, a shoreline is a point where water and land coincide physically (Dolan, May , & Hayden, 
1980). Whereas in reality, the shoreline changes continuously because of the dynamic nature of water 
level (i.e., due to waves, groundwater, wind, runup, etc.) and the sediment movement at cross-shore and 
alongshore in the littoral zone (Boak & Turner, 2005). It is a time-dependent phenomenon that may 
showcase short-term variability (Morton, 1991), but, also can be considered over a longer time scale such 
as tidal cycle and is highly dependent on weather conditions, slope, and tidal range, thereby both short-
term and long-term variability must be considered while determining a shoreline (Boak & Turner, 2005). 
Due to the dynamic nature of the shoreline, coastal investigators have adapted to use shoreline 
indicators as a proxy to mark the shoreline position (Boak & Turner, 2005). Figure 13 presents the 
commonly used shoreline indicators and Figure 14 shows those indicators in a real shoreline picture. 
These indicators are divided into three groups: the first group is based on coastal features, the second 
group is based on specific tidal datum (Boak & Turner, 2005) and the third group is based on an image 
processing technique that extracts the shoreline from digital imageries based on features that may not be 
visible to human eyes (Aarninkhof, Caljouw, & Stive, 2000). Boak and Turner (2005) compiled shoreline 
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indicators found in literature and highlighted that the high-water line (HWL) is the most used shoreline 
indicator. A high-water level is a wet patch running along the shore which is identified by the change in 
color tone left by maximum runup from a preceding high tide (Anders & Byrnes, 1991) (Smith & Zarillo, 
1990).  
In this project, the shoreline is extracted by manually digitizing the digital coastal imagery of the 
years 1978, 1991, 2006, 2010, 2015, and 2021 in ESRI’s ArcGIS Pro. Because of the quality of imageries, a 
combination of high-water level (HWL) and the instantaneous shoreline is used as a shoreline indicator to 
digitize them. The instantaneous shoreline is the point on land where land-water interface at a given point 
of time (Morton, 1991). HWL was used for the imageries in which HWL line can be identified (i.e., imagery 
of the 2000s and later) and the instantaneous shoreline was used for the historical imageries (i.e., imagery 
of 1990s and before) as the imageries were not of high quality that different color tones could be 
identified. The map of the digitized shoreline is provided in Figure 15 and Figure 16 below. Using aerial 
imageries can involve some degree of distortion such as radial distortion, tilt, and position of survey flight 
and scale variation due to change in altitude during survey flight (Boak & Turner, 2005) (Anders & Byrnes, 
1991). There could be involvement of additional distortion while georeferencing historical aerial imageries 
due to lack of same landmarks in each of the historical imageries and angle it is captured on. To account 
for the distortion, 10 meters of uncertainty is considered on each side of the shoreline while performing 
statistical analysis.  
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Figure 13: Shoreline indicators (Boak & Turner, 2005) 
 






    
 
Figure 15: Digitized shorelines of the Pinery Provincial Park 
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Figure 16: Digitized shoreline of the Sauble Beach
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3.5.3 Statistical Analysis 
Digital Shoreline Analysis System (DSAS) version 5.0 is a free software application used as an AddIn 
in ESRI’s ArcMap (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). It uses time series of shoreline 
vector data based on mean high water (MHW) or high-water line (HWL) to analyze shoreline change rate 
(Himmelstoss, Henderson, Kratzmann, & Farris, 2018). Considering DSAS data requirements, HWL was 
used as an indicator to digitize the shoreline. This AddIn utilizes personal geodatabase (.mdb file) to 
manage input and output data and uses baseline and shoreline shapefiles to perform analysis. Transects 
are cast from baseline using the Cast Transects button on the DSAS toolbar and are allowed to intersect 
with shoreline vectors which create points on the transect line for each shoreline. The intersection points 
provide location and time information and then the distance from the baseline to each intersection point 
on each transect line is used to calculate different statistics i.e. by using the measurement baseline 
method (Leatherman & Clow, 1983) to represent the rate of change as shown in Figure 17 (Himmelstoss, 
Henderson, Kratzmann, & Farris, 2018).   
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Figure 17: DSAS approach (Himmelstoss, Henderson, Kratzmann, & Farris, 2018) 
To create a single shoreline feature class, all the shoreline feature classes were merged into a 
single feature class using Data Management Tool in ArcMap and stored in a personal geodatabase. There 
are three ways to create a baseline: a) Creating a new feature class, b) creating a buffer of existing 
shoreline, and c) updating an existing shoreline (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). 
DSAS Version 5.0 supports three positions of baseline i.e., offshore, mid-shore, and onshore as shown in 
Figure 18 and acts as a starting point of transects (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). 
The second approach (i.e., creating a buffer of the existing shoreline) was used to create the baseline. A 
buffer of 100m from all the shorelines was created, all the buffer areas were merged, cleaned and the 
landward side of the buffer line was traced to create an onshore baseline. Due to increased flexibility in 
baseline placement, DSAS searches for shoreline data on both sides of the baseline (Himmelstoss, 
Henderson, Kratzmann, & Farris, 2018) but because of the pre-defined baseline placement, the search 
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behavior was modified in ‘Location of Land Relative to Baseline Orientation’ under ‘Baseline placement’ 
tab while setting up parameters. The attribute table of baseline and shoreline feature classes requires 
specific fields to run DSAS. As per the DSAS manual, both newly created shoreline feature class and 
baseline feature class were populated with recommended attributes fields which are listed in Table 4.  
 
 





    
 
Table 4: DSAS attribute field requirements (Himmelstoss, Henderson, Kratzmann, & Farris, 2018) 
Shoreline Attribute Field Requirement 
Field name Data type Attribute addition DSAS requirement 
ObjectID Object identifier Autogenerated Required 
Shape Geometry Autogenerated Required 
Shape_Length Double Autogenerated Required 
Date Text User-created Required 
Uncertainty Any numeric field User-created Required 
Shoreline_type Text User-created Optional 
Baseline Attribute Field Requirement 
Field name Data type Attribute addition DSAS requirement 
ObjectID Object identifier Autogenerated Required 
Shape Geometry Autogenerated Required 
Shape_Length Double Autogenerated Required 
ID Long Integer User-created Required 
Group Long Integer User-created Optional 
Search_Distance Double User-created Optional 
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As explained in section 3.5.2, the digitized shoreline is prone to positional or measurement 
variability especially the historical shorelines. Considering the type of shoreline used in DSAS i.e., HWL and 
MWL, U.S. Geological Survey provided a default uncertainty value of ±10m based on averages of recent 
regional reports (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). DSAS provides an option of 
seaward and landward intersection option (i.e., the intersection of shoreline and transect). In the seaward 
option, DSAS uses the intersection which is at a greater distance from land when the same shoreline data 
intersects with transect more than once whereas, in the landward option, it chooses the intersection 
closest to the land (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). While creating and editing 
attribute fields, the ‘Uncertainty’ field was left empty, and later an uncertainty value of ±10m with 
seaward intersection option was used while setting up the shoreline parameters. The representation of 
seaward intersection with onshore baseline can be seen in Figure 19 where the red line represents 
baseline, grey lines represent seaward transects and yellow dots represents shoreline and transect 
intersection points. 
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Figure 19: Intersection Parameters diagram 
In DSAS version 5.0, creating transects feature class step is divided into two parts: a) casting 
transects and b) calculating rates to enable the user to preview and edit transects before running the 
analysis tool (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). ‘Cast Transect’ window in DSAS 
Toolbar was used with the settings shown in Table 5.  
Table 5: Cast Transect parameters 
Casting Parameters Values 
Maximum search distance from the baseline 1000 m 
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Transect spacing 10 m 
Smoothing distance 500 m 
 
‘Calculating Change Statistics’ window is used to calculate shoreline change statistics and can 
produce the following statistics: Shoreline change envelope (SCE), net shoreline movement (NSM), 
endpoint rate (EPR), linear regression rate (LRR), and weighted linear regression (WLR). It gives the user 
option to choose between the type of statistics to calculate and set the confidence interval. After creating 
all necessary feature classes, the ‘Calculating Change Statistics’ window in DSAS Toolbar was used to run 
DSAS with a 99% confidence interval. The resultant statistics will be used to determine the rate of 
shoreline change and the amount of shoreline change.  
3.5.4 Future Water Level Scenario: 
This project also examines the areas which may flood in the future due to climate change and 
unprecedented water level rise by using the following two approaches: a) Hypothetical situation was 
considered in which there would be ±2m water level change on top of forecasted water levels by US Army 
Corps of Engineers and Fisheries and Oceans Canada and b) Built-in Kalman Filter Model in DSAS was used 
to predict the shoreline for next 10 and 20 years.  
US Army Corps of Engineers has predicted Lake Huron water levels till July 2022 and Fisheries and 
Oceans Canada forecasts predictions six months in the future. Apart from shoreline change, this study is 
also focusing on mapping flood and erosion hazards 10 years in the future at both the study areas. Since 
the water level forecast is not available for those years, a hypothetical situation of ±2m water level 
fluctuation is assumed to perform this analysis. This hypothetical situation does not include wave, air, and 
precipitation conditions in the future. It will help in identifying the area which may be flooded with water 
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along with the ones which might wash away due to flooding. Water level data from 1918 to 2022 was 
obtained from the US Army Corps of Engineers and Fisheries and Oceans Canada website. The minimum 
and maximum values were identified and to determine the values for ±2m water levels, 1m was added to 
the maximum value and 1m was subtracted from the minimum value.   
Another approach used to predict future water levels is the ‘Shoreline Forecasting’ feature in the 
DSAS V5.0 toolbar. It uses Kalman Filter Model to predict the shoreline for the next 10 and 20 years along 
with a positional uncertainty band based on provided shoreline data (Himmelstoss, Henderson, 
Kratzmann, & Farris, 2018). The model starts from the first-time step and forecast shoreline position for 
each time step until it comes across another shoreline data and after an encounter, it starts analysis to 
lower error between predicted and actual shoreline position to enhance its prediction accuracy and 
constantly updates rate and uncertainty (Long & Plant, 2012). This process proceeds with updated rate 
and uncertainty and keeps on updating itself as it comes across subsequent shoreline positions and this 
cycle continues till it reaches the desired forecast date.  
3.5.5 3D Model: 
ArcScene 10.8.1 was used to create a 3D animation of changing water level and a 3D Scene in 
ArcGIS Pro was used to create a stationary 3D model of both study areas. The DEM obtained from the 
Ontario Geohub website was used to create the surface of the model.  The 2015 aerial imagery of both 
sites were used to digitize the objects such as property footprints (i.e., houses, shops, and parking areas), 
different type of vegetation, streetlamps, and cars for better representation of hazard effects. The aerial 
imagery and digitized objects were draped on top of the DEM to give it realistic elevation. A sample of the 
3D Scene of Sauble Beach is showcased in Figure 21 below. A separate shapefile of waterbody was created 
to represent lake water. The animation keyframes were created for each site based on the water level 
result derived from the hypothetical scenario explained in section 3.5.4 before. The keyframes were 
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created for three situations: a) current water level, b) +1m water level and c) -1m water level. These water 
levels were then used as z-axis values to enable the waterbody layer to float at the respective levels as 
shown in Figure 20 below. 
 
Figure 20:Animation keyframes created in ArcScene 10.8.1 
 
Figure 21: Sample of 3D ArcScene of Sauble Beach 
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4   Results  
4.1 Water level 
Water levels from 1918 to 2021 and forecasted 2022 were used to derive maximum and minimum 
over the period. To get the levels for the hypothetical scenario explained in section 3.5.4 above, ±2m 
water level change was added on top of the maximum and minimum level from 1918. The resultant 
maximum water level was 178.5m and the minimum water level was 174.57m. Appendix A: Water Level 
contains the complete water level data used and Figure 22 below represents the scatter plot of those 
water levels. The maximum water levels observed in the year of aerial imagery data used are highlighted 
by callouts along with the levels of the ±2m water level change scenario. The linear trend line in the scatter 
plot shows the possibility of an increase in overall water levels.   
 
Figure 22: Water level chart (Data source: (Coordinating Committee, 2021), (Fisheries and Oceans Canada, 2021) and 


































Water Level Scatter Plot
Maximum Average Water Level (m) Minimum Average Water Level (m)
Linear (Maximum Average Water Level (m)) Linear (Minimum Average Water Level (m))
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Sauble Beach has human settlement immediately adjacent to the beach which consists of both 
residential and commercial buildings, whereas, the Pinery Provincial Park has a huge forest area in 
adjacent to the beach. Based on the future water level change scenario, the elevation at those water levels 
was extracted from the DEM using ArcGIS Pro. Then, to determine which property parcels might be 
flooded at Sauble Beach, a buffer and intersection analysis were performed and flood risk levels were 
divided into three categories as shown in Table 6 below. The properties within 0-20m from the water line 
were considered to be prone to flooding, the properties within 20-40m might encounter flooding 
depending on the wave and wind speed, and the properties lying beyond 40m were considered to be in a 
safe zone because of the distance from the waterline and the properties in front of them will act as a 
barrier for them. The properties at risk are shown in Figure 23 below. Pinery Provincial Park has a forest 
cover along with the shoreline and grey structures such as public washrooms, residential areas are far 
from the shore. Figure 24 shows the Pinery Provincial Park area and the location of the shoreline if the 
water rises by 1m in the future. An attempt to extract elevation with 1m water decline at Pinery was made 
but due to gentle slope, the software was unable to extract the elevation in the provided area of interest. 
Thereby, the 1m water level decline does not apply to Pinery Provincial Park.  
Table 6: Flood risk level 
Flood Risk Stage Intersection (m) Symbology Risk Level 
1 Beyond 40m Pale Yellow Very Low 
2 20-40m Orange Low to medium 




    
 
Figure 23: ±2m Water level change at Sauble Beach (Data sources: (Scholars GeoPortal, 2021) (Fisheries and Oceans Canada, 2021), (US Army Corps of Engineers, 
2021)) 
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4.2 Shoreline Change  
DSAS was used to analyze shoreline change rate and net shoreline movement based on digitized 
aerial imagery of the years 1978, 1991, 2006, 2010, 2015, and 2021. The end point rate (EPR) was used to 
calculate the shoreline change rate and net shoreline movement (NSM) was used to analyze the change 
in shoreline location at each transect. In EPR and NSM, +ve value means accretion (i.e. seaward 
movement) and -ve value means erosion (landward movement) (Himmelstoss, Henderson, Kratzmann, & 
Farris, 2018). The EPR and NSM were calculated for two time periods: 1978 to 2015 and 1978 to 2021 
because of the limited 2021 data. The following sections 4.2.1 and 4.2.2 elaborate on the NSM, EPR, and 
section 4.2.3 showcase the forecasted shoreline for 10 years and 20 year time period DSAS results. 
4.2.1 Net Shoreline Movement 
Net shoreline movement is the distance between the oldest and youngest shoreline and is 
calculated for each transect (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). This section discusses 
NSM at both the study areas and compares the erosion and accretion distance. The NSM statistics derived 
from DSAS results are shown in Table 7 below. Figure 25 & Figure 26 showcase NSM at Pinery Provincial 
Park from 1978-2015 and 1978-2021 and Figure 27 & Figure 28 represents NSM at Sauble Beach from 
1978-2015 and 1978-2021 respectively.  
Sauble Beach has changed exponentially from 2015 to 2021. Based on the statistics comparison 
of 1978-2015 with 1978-2021, Sauble Beach is showing high erosion with a drastic 83% more erosion and 
83.3% less accretion. Whereas Pinery Provincial Park is facing 39.1% more erosion and 39% less accretion 
which is about 50% lower than Sauble Beach. The difference between the average negative distance from 
2015 to 2021 has increased to about -13m at Sauble Beach and -1.3m at Pinery Provincial Park. The 
average accretion has reduced by 31.6m at Sauble and by 2.6m at Pinery Provincial Park.  
47 
    
 
Table 7: Net shoreline movement comparison between Pinery Provincial Park and Sauble Beach 
Rate Measurements Sauble Beach Pinery Provincial Park 
1978 to 2015 1978 to 2021 1978 to 2015 1978 to 2021 
Average distance 34.62 m -12.06 m -0.72 m -7.34 m 
Percent of all transects that have a 
negative distance 
0.24% 83.52% 44.1% 83.2% 
Maximum negative distance -2.67 m -36 m -18.23 m -27.69 m 
Average of all negative distances -2.67 m -15.06 m -8.02 m -9.32 m 
Percent of all transects that have a 
positive distance 
99.76% 16.48% 55.9% 16.8% 
Maximum positive distance 82.89 m 10.19 m 15.72 7.17 m 




    
 
Figure 25: NSM from 1978 to 2015 at Pinery Provincial Park 
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Figure 26: NSM from 1978 to 2021 at Pinery Provincial Park 
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Figure 27: NSM from 1978 to 2015 at Sauble Beach 
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Figure 28: NSM from 1978 to 2021 at Sauble Beach
 
52 
    
4.2.2 End Point Rate 
This section elaborates on the end point rate and compares the shoreline change rate of both 
study areas for time intervals 1978-2015 and 1978-2021. The end point rate is calculated by dividing NSM 
with the time difference between the oldest and youngest shoreline and this is calculated for each 
transect as well (Himmelstoss, Henderson, Kratzmann, & Farris, 2018). Table 8 below represents the 
statistical result drawn from DSAS. Figure 29 & Figure 30 showcase EPR results for Sauble Beach and Figure 
31 & Figure 32 represents EPR results for Pinery Provincial Park from 1978-2015 and 1978-2021 
respectively. 
Again, Sauble Beach is showing much higher erosion rates compared to Pinery Provincial Park. 
Significant erosional rates were observed in 42.61% more transects at Sauble Beach, compared to 16.5% 
more transects at Pinery Provincial Park. Comparing the statistics of 1978-2015 with 1978-2021, the 
average erosion rates are increased at Sauble Beach by -0.24 m/yr and decreased at Pinery Provincial Park 
by -0.1 m/yr. Both locations are experiencing decreased accretion rate change i.e. 0.87 m/yr at Sauble 








    
 
Table 8: End point rate comparison between Pinery Provincial Park and Sauble Beach 
Rate Measurements Sauble Beach Pinery Provincial Park 
1978 to 2015 1978 to 2021 1978 to 2015 1978 to 2021 
Percent of all transects that are 
erosional 
0.24% 83.52% 44.1% 83.2% 
Percent of all transects that have 
statistically significant erosion 
0 % 42.61% 2.69% 19.2% 
Maximum value erosion -0.11 m/yr -0.84 m/yr -0.49 m/yr -0.63 m/yr 
Average of all erosional rates -0.11 m/yr -0.35 m/yr -0.22 m/yr -0.21 m/yr 
Percent of all transects that are 
accretional 
99.76% 16.48% 55.9% 16.8% 
Percent of all transects that have 
statistically significant accretion 
95.95% 0% 0.72% 0% 
Maximum value accretion 2.24 m/yr 0.24 m/yr 0.42 m/yr 0.16 m/yr 




    
 
Figure 29: EPR from 1978 to 2015 at Sauble Beach 
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Figure 30: EPR from 1978 to 2021 at Sauble Beach 
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Figure 31: EPR from 1978 to 2015 at Pinery Provincial Park 
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Figure 32: EPR from 1978 to 2021 at Pinery Provincial Park
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4.2.3 Shoreline Forecast 
A built-in Kalman Filter Model in DSAS was used to predict shorelines for 10 and 20 years in the 
future. As discussed in section 3.5.4, this model uses historical shoreline position data provided to forecast 
future shorelines. Figure 33 and Figure 34 below represent the forecasted shoreline with 10m uncertainty 
at Sauble Beach and Pinery Provincial Park respectively. Both maps also contain the water line derived 
from the ‘+1m increased water level’ scenario to compare it with the forecasted shoreline position. At 
Sauble Beach, the forecasted shoreline is positioned a few meters behind the hypothesized shoreline. 
Whereas, at Pinery Provincial Park, the forecasted shoreline is positioned at almost the same location as 
the hypothesized shoreline. The DSAS forecast system is further discussed in section 6. 
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Figure 33: 10 and 20 years shoreline forecast by DSAS at Sauble Beach 
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Figure 34: 10 and 20 years shoreline forecast by DSAS at Pinery Provincial Park
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5 Challenges and Mitigation 
5.1 Challenges  
Some anticipated challenges could be encountered during the project such as: 
• Delay in acquiring data and getting flight permission from conservation authorities due to COVID-
19 pandemic restrictions. 
• If not planned properly, the RPAS device could get damaged by vegetation or bird strikes. 
• There could be a delay in performing some tasks due to the delay in getting data. 
• There is also a risk of losing data due to a malfunction in the storage drive. 
5.2 Mitigation measures 
The data acquisition was planned ahead of time but due to COVID-19 pandemic restrictions, this 
phase took time because of this the project was extended to the Fall 2021 term. The flight was performed 
at an appropriate altitude to avoid any possible collision with tourists, birds, and vegetation. The weather 
forecast was taken into consideration to plan the RPAS survey. The files backup was created on OneDrive 
and an external SSD on regular basis. 
6 Conclusion 
Pinery Provincial Park has a naturally maintained shoreline and Sauble Beach shoreline is altered 
by humans to make it a tourism-oriented beach. Both of these locations have different shoreline 
management practices and the EPR and NSM results were used to analyze which of these sites has better 
responds to stresses. Results from section 4.2 indicate that Pinery Provincial Park has a stable shoreline 
compared to Sauble Beach. Pinery Provincial Park is having about 50% fewer erosion rates and negative 
shoreline movement than Sauble Beach. It cannot be neglected that both study areas are facing increased 
erosion and decreased accretion over the years but the human interference and the Sauble Beach 
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municipality’s neglecting towards sustainable tourism practices has resulted in losing its beach at a higher 
rate. 
This project has applied a hypothetical scenario of ±2m water level change and used Kalman Filter 
Model alongside to predict future shoreline position. Kalman Filter Model forecasted shoreline based on 
provided shoreline location from the aerial imageries data from years 1978, 1991, 2006, 2010, 2015, and 
2021. From Figure 22 above, it can be observed that the year of shoreline data used in this project was 
not representative of water level rise except data from the year 2021. Only half of the study area was 
possible to be surveyed in 2021 due to the project timeline and COVID-19 restrictions. As per the water 
level data derived from Coordinating Committee, Government of Canada's Fisheries and Oceans Canada, 
and U.S. Army Corps of Engineers website, water levels over 177m were observed for the following year: 
1918, 1929, 1952, 1953, 1979 to 1987, 1972 to 1976 and after 2017. This indicates that only 2021 was the 
year that represented high water levels among the years of data used. As a result, the Kalman Filter Model 
was supplied with available data which had low water levels, and hence the forecast results raise reliability 
issues. Moreover, the Kalman Filter Model does not take factors like the uncertainty of climate change, 
wave and wind speed, precipitation, and discharge in Lake Huron into consideration. There is a possibility 
that if the data were available for each year, the forecast results could have been much different. 
Therefore, to account for these factors a hypothetical scenario of overall ±2m water level change was 
considered. Although the water level is subjected to change based on climatic conditions this hypothetical 
scenario can provide reliable hazard mapping results as it lies in the realm of possibility of water level 
variability due to climate change. Figure 23 & Figure 24 indicate the extent of flood hazard at Sauble Beach 
and Pinery Provincial Park. The digitized +1m water line shown in Figure 23 & Figure 33 indicates that the 
dunes at Sauble Beach are the only barrier left for the properties to protect them from increased water 
levels in the future. But the narrow pathways between dunes used by people to enter the beach can act 
as a pathway for water to pass the dunes and enter the streets in case of water level rise. The flood hazard 
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extent can also be observed using the 3D model and water level animation provided with this project. The 
animation shows how the narrow passages between the dunes can allow water to enter and it can also 
be seen in Figure 23 as the digitized +1m water level is wrapped around the dunes and landward water 
advancement can be observed on Main Street and several intersections of Lakeshore Blvd N such as 4th St 
N, 5th St N, 6th St N, 7th St N, 9th St N, and Kind Edward Ave. A sample of 3D animation results for Sauble 
Beach is shown in Figure 35 below.  
 
Figure 35: 3D model results sample 
Although the trendline in Figure 22 indicates that both maximum and minimum water levels can 
increase over the years. Considering that the water level reduces in the future, the beach area will get 
bigger but leave a huge void to be filled with sand. This scenario applies to both study areas. Sauble Beach 
is facing erosion in 23.41% more area at -0.41 m/yr more erosion rate than Pinery. To fill the void with 
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sand, accretion is important but the sand has to be available from the littoral supply. Both sites are facing 
a reduced accretion rate but Sauble Beach is facing an accretion rate reduction of 0.87 m/yr whereas, 
Pinery Provincial Park is showing a reduction by 0.08 m/yr. Therefore, the chances of Pinery Provincial 
Park surviving in lower water levels is better than the Sauble Beach. The major risk at Sauble Beach is that 
the human settlement is immediately adjacent to the beach whereas, Pinery Provincial Park has a beach 
with dune scarps guarding it followed by forested area as shown in Figure 36 & Figure 37 below. 
 
Figure 36: Pinery Beach (Picture taken by Shubham S. 
Nandanwar) 
 
Figure 37: Pinery Beach with cliff (Picture taken by Shubham 
S. Nandanwar) 
It is important to note that just as Sauble Beach, Pinery Provincial Park is also one of Ontario’s 
tourist attractions but being a provincial park, the beach has been maintained naturally and the beach 
profile not changed to attract more tourists. Pinery Provincial Park has a huge forest along the shore which 
ranges for several kilometers inland which will act as a barrier towards flooding. Therefore, the water level 
rise in the future will not affect the human settlement nearby the park and the tourism practices such as 
camping can be continued by keeping a safe distance from the waterline. Whereas in the case of Sauble 
Beach, if the water level rises in future even by just 1m, the whole beach will be flooded, and it will be a 
65 
    
 
risk for not only tourism & related businesses and residents but also for the Piping Plover which reside in 
the dunes.  
The current volume of dunes at Sauble Beach is not sufficient to tackle +1m of water level rise. 
Some part of the beach such as the Main Street area has a minimal amount of dune and a +1m water line 
is entering straight into the streets (as can be seen in Figure 23). The dunes need to be saved and allowed 
to thrive. If the water level rises and the dunes are not there to protect, the whole beach and properties 
along the shore will be flooded. In this case, the municipality might have to turn towards grey shoreline 
management practices which will cost more than green management practices. It is best for both study 
areas to start managing the shoreline with green techniques. Both study areas and municipalities that fall 
between these study areas can adapt following shoreline management practices: 
• Avoid beach raking and let the beach grow or respond naturally to environmental forcings 
• Reduce the number of narrow passages which are used to enter the dunes and fill the closed 
passages with sand. So that in case of flooding, water will not have enough pathways to enter the 
streets. 
• Coastal sand dune restoration and fencing techniques can be used by adding natural vegetation 
which will help in holding the sand and will result in reduced erosion rates.   
• Adding native material such as driftwood logs for additional protection as shown in Figure 36.  
• In the worst-case scenario, before moving towards grey techniques, a semi-grey technique such 
as constructing revetments in the lake can be used. This will lower the wave impact and help keep 
the water line in check. 
• TenCate Geotube can also be used in two ways: a) to increase the height of dunes in case of beach 
and b) to build a wall with a combination of stone and geotube in case the property has an 
insignificant amount of beach left in front of it.  
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• If none of the above suggestions works, the last option for any property owner would be to 
relocate to a safer distance.
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Appendix A: Water Level  
Year Maximum Average Water 
Level (m) 
Minimum Average Water 
Level (m) 
1918 177.07 176.71 
1919 176.92 176.55 
1920 176.79 176.47 
1921 176.64 176.34 
1922 176.67 176.24 
1923 176.42 176.11 
1924 176.38 176.04 
1925 176.03 175.74 
1926 176.03 175.66 
1927 176.34 175.92 
1928 176.66 176.1 
1929 177.18 176.63 
1930 176.84 176.31 
1931 176.21 175.94 
1932 176.05 175.78 
1933 176.08 175.72 
1934 175.87 175.67 
1935 176.05 175.74 
1936 176.07 175.8 
1937 176.06 175.8 
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1938 176.35 175.76 
1939 176.46 176.07 
1940 176.27 176.03 
1941 176.19 176.06 
1942 176.52 176.12 
1943 176.92 176.25 
1944 176.72 176.45 
1945 176.78 176.33 
1946 176.77 176.32 
1947 176.81 176.25 
1948 176.73 176.26 
1949 176.38 175.94 
1950 176.44 175.96 
1951 176.95 176.34 
1952 177.28 176.92 
1953 177.12 176.74 
1954 176.98 176.6 
1955 176.91 176.38 
1956 176.62 176.29 
1957 176.43 176.16 
1958 176.15 175.81 
1959 176.13 175.75 
1960 176.77 176.14 
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1961 176.46 176.26 
1962 176.37 175.97 
1963 176.06 175.71 
1964 175.78 175.58 
1965 176.1 175.6 
1966 176.3 176.01 
1967 176.5 176.06 
1968 176.6 176.27 
1969 176.95 176.45 
1970 176.8 176.53 
1971 176.96 176.62 
1972 177.07 176.65 
1973 177.3 176.95 
1974 177.32 176.91 
1975 177.15 176.82 
1976 177.15 176.51 
1977 176.57 176.38 
1978 176.71 176.43 
1979 177 176.48 
1980 176.93 176.65 
1981 176.82 176.56 
1982 176.69 176.45 
1983 177.02 176.66 
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1984 177.06 176.7 
1985 177.25 176.86 
1986 177.5 177.11 
1987 177.18 176.68 
1988 176.7 176.42 
1989 176.57 176.18 
1990 176.51 176.15 
1991 176.66 176.31 
1992 176.54 176.36 
1993 176.91 176.48 
1994 176.82 176.56 
1995 176.64 176.41 
1996 176.84 176.37 
1997 177.19 176.78 
1998 176.91 176.36 
1999 176.4 175.99 
2000 176.13 175.81 
2001 176.06 175.77 
2002 176.33 175.91 
2003 176.04 175.73 
2004 176.37 175.84 
2005 176.21 175.88 
2006 176.14 175.88 
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2007 176.08 175.68 
2008 176.24 175.7 
2009 176.44 176.01 
2010 176.26 175.86 
2011 176.26 175.78 
2012 176.07 175.61 
2013 176.09 175.57 
2014 176.54 175.95 
2015 176.73 176.48 
2016 176.84 176.51 
2017 177 176.47 
2018 176.98 176.73 
2019 177.37 176.81 
2020 177.46 177.14 
2021 177.07 176.9 
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